1. Introduction {#s0005}
===============

Nowadays, 55% of the world population lives in urban areas ([@bb0340]). Outdoor air pollution is a major global public health issue ([@bb0150]), leading to 4.2 million premature deaths worldwide in 2016 ([@bb0375]). In cities, particulate matter with an aerodynamic diameter lower than 2.5 μm and 10 μm (PM~2.5~ and PM~10~), nitrogen dioxide (NO~2~) and tropospheric ozone (O~3~) are among the most threatening air pollutants in terms of harmful effects on human health associated with respiratory and cardiovascular diseases and mortality ([@bb0355]; [@bb0235]; [@bb0320]; [@bb0050]; [@bb0225]). As a result, the legislated ambient air quality standards and the emission control policies around the world (e.g. [@bb0365]; [@bb0080], [@bb0190]; [@bb7005]; [@bb7010]) regulate air pollutants concentrations such as PM~2.5~, PM~10~, NO~2~ and O~3~, by setting limit and target values, long-term objectives, information thresholds, and alert threshold values for the protection of human health ([Table 1](#t0005){ref-type="table"} ).Table 1Air quality standards and limit values (in μg.m^−3^) established by the European Commission in Europe (Directive 2008/50/EC) and the [@bb0190], as well as the [@bb0365] for the human health protection in urban areas.Table 1Averaging timeEC (2008)MEP (2012)WHO (2006)PM~2.5~Annual mean25351024-hour mean--7525PM~10~Annual mean40702024-hour mean50 (×35[⁎](#tf0005){ref-type="table-fn"})15050NO~2~Annual mean4040401-hour mean200 (×18)200200O~3~Daily 8-hour maximum120 (×25)160100[^1]

In Europe, despite successful legislation implemented over several decades, and success in reducing air pollutants emissions, the current air pollution levels continue to cause important impacts on human health by exceeding the EU standards and the WHO Air Quality Guidelines for the protection of health ([@bb0095]; [@bb0055]; [@bb0295]). In 2015, 47,300, 84,300 and 38,600 non-accidental premature deaths were attributed to air pollution (PM~2.5~, NO~2~, O~3~) in France, Italy and Spain, respectively ([@bb0070]). In 2016, the total number of premature deaths for non-accidental causes attributed to PM~2.5~ and PM~10~ (above 10 μg.m^−3^) and O~3~ (above 20 μg.m^−3^) was 1800 in Rome and 144 in Nice ([@bb0295]). Moreover, in a study of nine European cities including Rome and Valencia, the percentage increase in all deaths from natural causes per °C increase in air temperature tended to be greater during high O~3~ days ([@bb0015]), suggesting interactions with climate change. Air pollution in China has been a rising threat to human health ([@bb0175]; [@bb0085]) with annually about 2.5 million premature deaths attributed to air pollution ([@bb0150]). Based on WHO metrics for human health protection, the O~3~ levels led to 59,844 additional deaths in 2015 across China ([@bb0085]). In Wuhan, a total of 19,948 deaths were attributed to PM~10~, NO~2~ and SO~2~ over the time period 2007--2009 ([@bb0255]).

Tropospheric O~3~ formation occurs when NO~x~ and volatile organic compounds (VOCs) react in the atmosphere in the presence of sunlight ([@bb0265] *)*. Despite control efforts, the rising O~3~ levels become a major public health concern in cities worldwide ([@bb0230]; [@bb0290]; [@bb0145]). The O~3~ background levels are significantly rising at urban stations in Nice (+ 0.30 ppb per year), Rome (+ 0.49 ppb per year) and Valencia (+ 1.21 ppb per year) since 2005 ([@bb0275], [@bb0290]). In China, following the implementation of Air Quality Standards in 2012 ([@bb0190]), a network of ground stations became operational in 2013. Some studies showed an O~3~ increase in cities, e.g. maximum daily 8-hour average O~3~ concentrations increased by on average 0.46 ppb per year in 74 cities across China from 2013 to 2017 ([@bb0170]; [@bb0180]). The ground-level O~3~ is considered one of the most harmful air pollutants in terms of effects on human health (e.g. respiratory and cardiovascular systems), vegetation and materials ([@bb0205]; [@bb0370]; [@bb0280], [@bb0285]; [@bb0225]; [@bb0295]).

The surface O~3~ concentrations tend to be higher on the weekends (Saturday and Sunday) compared to the weekdays (Monday to Friday) at urban sites, despite lower emissions of NO~x~, VOCs and PM. This "weekend effect" has been widely studied worldwide (e.g. [@bb0250]; [@bb0125]; [@bb0035]; [@bb0260]; [@bb0360]; [@bb0005]; [@bb0270]; [@bb0065]; [@bb0385]; [@bb0395]; [@bb0300]). Observations of how O~3~ formation responds to emissions reduction provide an insight into the effectiveness of policies to plan future suitable strategies for reducing emissions of O~3~ precursors ([@bb0135]).

Due to the coronavirus disease (COVID-19) pandemic, lockdown measures were implemented in China, Italy, Spain and France to limit social contacts and flatten the epidemic curve. Such measures were implemented from 23^rd^ January 2020 in Wuhan, China, while in Italy, the measures were first applied in Northern regions (from 8^th^ March 2020), where first COVID-19 cases were reported, before to be extended to the whole country from 10^th^ March 2020. Tightened restrictive measures (i.e., close of schools and non-essential businesses, limitation of motorized transports) were fully implemented nationwide from 10^th^ March 2020 in Italy, 14^th^ March 2020 in Spain and 18^th^ March 2020 in France, where schools were closed from 16^th^ March 2020.

Plenty of newspapers and other mass media promoted that air pollution levels significantly dropped in major global cities since the lockdown measures, for instance NO~2~ levels fell by up to 60% in cities relative to the same period in 2019 in the United Kingdom (BBC news, 8 April 2020) and PM~2.5~ decreased by 60% in New Delhi from 23^rd^ March to 13^th^ April compared to the same period in 2019 (CNN, 23 April 2020). The NO~2~ pollution over New York (USA) was 30% lower in March 2020, compared to the monthly average from 2015 to 2019 (The Conversation, 15 April 2020). Measurements performed by the European Space Agency (Sentinel-5P satellite) showed that between late January and early February 2020, NO~2~ levels over cities in Asia and Europe were reduced by 40--50% compared to the same period in 2019 (ESA, 16^th^ April 2020). In parallel with a reduction of the levels of some pollutants (e.g. black carbon, NO~2~, PM), in Barcelona (Spain) it was also observed that O~3~ increased ([@bb0335]). Due to the complex chemistry of the atmosphere, there are still open questions regarding air pollution formation and spatiotemporal patterns during the lockdown.

Most of studies are based on the mean biases from the lockdown period (March--April 2020) compared to the same period in 2019, which are subject to the fluctuations in emissions and meteorological conditions. Here, we analyze short-term changes at 36 urban stations in Nice (France), Rome and Turin (Italy), Valencia (Spain) and Wuhan (China) from 1^st^ January 2017 until 18^th^ April 2020. Our aim was to detect and quantify the lockdown effect on the levels of the most health-threatening air pollutants in cities (NO~x~, PM~2.5~, PM~10~, and O~3~ in particular). We hypothesized that air pollution in the cities is mainly due to local urban emissions and that a 3-year time-series of data is long enough to more reliably detect short-term changes within time series, likely due to short-term emissions changes (e.g. PM, NO~x~). We also expected an O~3~ increase in cities due to a lower NO titration.

2. Materials and methods {#s0010}
========================

2.1. Description of study areas {#s0015}
-------------------------------

Five cities were selected to have a spatial representativeness and larger air pollution gradients for NO~2~, PM~2.5~, PM~10~ and O~3~: Rome and Turin in Italy, Nice in France, Valencia in Spain, and Wuhan in China ([Fig. 1](#f0005){ref-type="fig"} ).Fig. 1Location of the air quality monitoring stations in China (Wuhan), France (Nice), Italy (Turin and Rome) and Spain (Valencia).Fig. 1

The COVID-19 outbreak was firstly identified in Wuhan (Central China) in December 2019 ([@bb0380]). Wuhan, capital city of Hubei province, has a total area of 1530 km^2^ and a population of 8.8 million; Wuhan is the ninth most populous city in China. The climate is humid subtropical with abundant rainfall in summer. The annual mean air temperature is 17.1 °C (from 4.0 °C in January to 29.1 °C in July, on average) with an annual mean rainfall of 1320 mm (China Meteorological Administration). The population in Nice (Southeastern France) is estimated at 345,000 inhabitants ([@bb0110]) over 72 km^2^ with an annual mean air temperature of 14.8 °C (8.0 °C in January −22.3 °C in July) and an annual mean rainfall of 811 mm. Rome, capital city of Italy, has a total area of 1285 km^2^. The population in Rome is estimated at 2.9 million inhabitants ([@bb0115]). The Italian capital is characterized by a Mediterranean climate with an annual mean air temperature of 15.7 °C (from 7.7 °C in January to 24.4 °C in August) and the annual mean rainfall is 798 mm. The city of Turin, with 876,000 inhabitants over 130 km^2^, is located in North-western Italy and experiences a warm temperate climate. The annual mean air temperature is 12.0 °C (from 2.0 °C in January to 22.4 °C in July) with an annual mean rainfall of 980 mm. Valencia is the third largest city in Spain, with around 800,000 inhabitants over 135 km^2^. Valencia has a Mediterranean climate with short, very mild winters and long, hot and dry summers: with daily mean from 11.9 °C in January to 26.1 °C in August, and the annual mean rainfall is 475 mm ([@bb0010]).

Nice, Rome, Turin and Valencia are located in the European region that is the most affected by air pollution, in particular by PM~10~ ([@bb0320]) and O~3~ ([@bb0275]), due to high temperature, strong insolation, anticyclonic subsidence combined with high road traffic and industrial emissions ([@bb0200]). The highest hourly O~3~ maxima (exceeding 120 ppb) are found in Southeastern France (Nice) and North-western Italy (Turin), in particular during summer ([@bb0275]). In Italy, the highest PM~10~ concentrations are observed in Turin, where the air quality is among the worst in Europe, exceeding the limit values for PM~10~ and O~3~ e.g. 86 and 61 days, respectively in 2019 ([@bb0090]). Wuhan is a major transport hub with dozens of railways, roads, and expressways passing through the city and connecting to major cities in China ([@bb0350]). In Wuhan, the NO~2~ concentrations are increasing (+ 0.67 μg.m^−3^ per year) over the time period 2001--2014, while the PM~10~ concentrations showed a significant downward trend (− 2.0 μg.m^−3^ per year) since 2008 ([@bb0315]). Nevertheless, the current annual PM~10~ (100--120 μg.m^−3^) and NO~2~ (50--60 μg.m^−3^) mean concentrations are still quite high, exceeding the air quality standards ([@bb0245]; [@bb0315]).

2.2. Data selection and methodology {#s0020}
-----------------------------------

The hourly NO, NO~2~, PM~2.5~, PM~10~ and O~3~ concentrations were provided by the local and regional agencies in charge of air monitoring stations, i.e. the Certified Associations of Air Quality Monitoring in France (*Atmo Sud*), Regional Environmental Protection Agency in Italy (ARPA), Regional Ministry of the Environment of the *Generalitat Valenciana* in Spain, China\'s National Environmental Monitoring Center, and obtained from 1st January 2017 to 18th April 2020. A total of 36 monitoring stations with \>75% of validated hourly data in a year were selected to calculate a valid aggregated value (24-h average concentration) and subsequent calculations. In Nice, data from 3 stations were used (3 with NO~2~, NO, PM~10~ and PM~2.5~, 2 with O~3~). In Rome, 15 stations were analyzed (15 with NO~2~ and NO, 9 with O~3~, 13 with PM~10~, and 6 with PM~2.5~). In Turin, 4 stations were selected (4 with NO~2~ and NO, 3 with O~3~ and PM~10~, and 2 with PM~2.5~). For Valencia, 6 stations were considered (6 with NO~2~, NO and O~3~, 4 with PM~10~ and PM~2.5~), while 8 stations were used for Wuhan (with all pollutants except NO). Among the stations, 1 station in Nice, 5 in Rome, and 3 in Valencia were identified as being closer to roads with a higher traffic load than in the other stations. Besides the analysis per city of all stations, this subset of stations was also analyzed separately and referred to as "traffic".

To detect and estimate the changes within the time series, and quantify the lockdown effect on air pollutants levels, the deviations of 24-h mean concentrations (expressed in %) were computed for each day of the year (DOY) and station, by calculating the mean bias between the period before the lockdown (from 1st January 2020 until the start date of the lockdown) and during the lockdown in 2020 (from start date of the lockdown until 8th April in Wuhan i.e. the end date of the lockdown, and until 18th April in Nice, Turin, Rome and Valencia where the lockdown was still running at the time of data collection) and the same time period averaged over the 3 previous years (2017--2019), representing the baseline conditions. For each city, the mean NO, NO~2~, PM~2.5~, PM~10~ and O~3~ concentrations during the lockdown period in 2020 were calculated and compared with the mean concentrations during weekdays and weekends of the equivalent time period averaged over the 3 previous years (2017--2019). The objective was to estimate how different was a long and substantial reduction in activity in comparison with the reduced activity typical of the weekends. The non-parametric Kruskal-Wallis test followed by a post-hoc test using the criterion Fisher\'s Least Significant Difference and *p* adjusted with the Holm correction was used to test for statistical significances between groups. A *p*-value \<0.05 was considered statistically significant.

3. Results {#s0025}
==========

By averaging all stations, the seasonality of daily O~3~, NO~2~, NO, PM~2.5~, PM~10~ mean concentrations differed among cities from 1st January to 31st December averaged over the time period 2017--2019 (Figs. S1--S5). The highest O~3~ mean concentrations, reaching 90 μg.m^−3^ in summer, were observed in Turin and Wuhan following a bell-shaped function, while lower mean concentrations were recorded in Nice, Rome and Valencia (Fig. S1). The seasonal variations observed for NO and NO~2~ consisted of a winter peak and summer minima (Figs. S2, S3) with a marked seasonality and higher concentrations in both highly industrialized cities (Turin and Wuhan) and lower levels in Nice and Valencia. This enhanced seasonality of NO~x~ levels in winter may be partly attributed to increased fossil fuels for domestic heating and driving. The PM levels were higher in Wuhan (PM~10~ up to 100 μg.m^−3^ in winter) than in the European cities, although values were also high in Turin, up to 50 μg.m^−3^ in winter (Figs. S4, S5). No remarkable seasonality of PM levels was observed in Nice, Rome and Valencia.

From 1st January to 18th April 2020, the highest O~3~ mean concentrations were observed in Wuhan (54.1 μg.m^−3^), followed by Nice (50.4 μg.m^−3^), while the lowest mean concentrations (37.3 μg.m^−3^) were recorded in Turin ([Fig. 2](#f0010){ref-type="fig"} ). The highest NO~2~ concentrations were recorded in Turin (40.8 μg.m^−3^) and the lowest in Valencia (21.5 μg.m^−3^). The NO ranged from 10.6 μg.m^−3^ in Nice to 25.6 μg.m^−3^ in Turin (Fig. S6), while the NO data were not available from Wuhan. The average values of PM~2.5~ ([Fig. 2](#f0010){ref-type="fig"}) and PM~10~ (Fig. S7) were 43.1 μg.m^−3^ and 56.1 μg.m^−3^ in Wuhan, respectively, and 31.1 μg.m^−3^ and 42.9 μg.m^−3^ in Turin, respectively. The lowest mean values were recorded in Valencia, with concentrations of 11.3 μg.m^−3^ and 21.1 μg.m^−3^ of PM~2.5~ and PM~10~, respectively. When traffic stations were analyzed separately, they showed higher NO~2~ and NO concentrations and somewhat lower O~3~ concentrations. For example, in Valencia, NO~2~ was 59% higher in traffic stations, NO 28% and O~3~ 5% (data not shown).Fig. 2Daily ozone (O~3~), nitrogen dioxide (NO~2~) and particulate matter with an aerodynamic diameter lower than 2.5 µm (PM~2.5~) mean concentrations (μg.m^−3^) by joining all stations in Nice, Rome, Turin, Valencia and Wuhan from 1st January (Day of the Year, DOY = 1) to DOY = 150, averaged over the 3 previous years (2017--2019), and from DOY = 1 to the end date of the analyzed period in Europe (DOY = 109) and the lockdown in Wuhan (DOY = 98) in 2020. Vertical line: start date of the lockdown in 2020. Smoothing line: locally weighted smoother (LOESS).Fig. 2

In 2020, the daily O~3~ mean concentrations from 1st January 2020 until the start date of the lockdown were similar to the same period averaged over 2017--2019 (Table S1a) in Nice (+ 2.0%), Rome (−9.0%) and Wuhan (+4.2%), while the O~3~ concentrations were much lower in Valencia (−18.7%) due to cloudy and rainy conditions ([@bb0010]), and much higher in Turin (+53.3%) due to high air temperature (5--10 °C above the 1971--2000 baseline) and no rainfall in February ([@bb0025]). In Valencia, the O~3~ levels at traffic stations before the lockdown were lower (−13.1%) than the baseline conditions (Table S1b). Compared to 2017--2019, the daily O~3~ mean concentrations clearly increased at all stations during the lockdown ([Fig. 3](#f0015){ref-type="fig"} ): +24.0% in Nice, +13.6% in Rome, +27.0% in Turin, +2.4% in Valencia and +36.4% in Wuhan. In a context of cloudy and rainy conditions before and during the lockdown in Valencia ([@bb0010]), the response to lockdown measures was amplified at traffic stations (+ 11.4%).Fig. 3Mean bias (±standard error, in %) at city-scale of 24-hour mean concentrations (PM~2.5~, PM~10~, NO, NO~2~ and O~3~) at all stations and traffic stations in Nice, Rome, Turin, Valencia and Wuhan between the lockdown period in 2020 and the same time period averaged over the 3 previous years (2017--2019).Fig. 3

The mean bias of daily NO~2~ concentrations before the lockdown at all stations were: - 14.2% in Nice, +1.6% in Rome, +2.6% in Turin, −20.0% in Valencia and −21.6% in Wuhan (Table S1a). During the lockdown, the changes in daily O~3~ mean concentrations at all stations were associated with a strong decline in NO~2~ mean concentrations compared to baseline conditions ([Fig. 3](#f0015){ref-type="fig"}): −62.8%, −45.6%, −30.4%, −69.0% and −57.2% in Nice, Rome, Turin, Valencia and Wuhan, while NO declined by 70.7%, 68.5%, 52.6% and by 61.9% in Nice, Rome, Turin and Valencia, respectively. For both NO and NO~2~, stronger reductions were observed during lockdown at traffic stations: −88.1% and −68.9% in Nice, −70.5% and −55.1% in Rome, −75.5% and −70.6% in Valencia, respectively (Table S1b).

At all stations, compared to baseline conditions 2017--2019, PM~10~ concentrations decreased during the lockdown ([Fig. 3](#f0015){ref-type="fig"}) by 5.9% in Nice (−7.8% before lockdown), 8.9% in Turin (+9.9%), 32.1% in Valencia (+14.5%) and 48.7% in Wuhan (−31.7%) while PM~10~ slightly increased by 1.8% in Rome (+18.5% before lockdown). Looking at PM~2.5~ we found: −2.9% (−19.0%), +10.6% (+22.6%), −12.6% (+8.1%), −12.6% (+24.3%) and −36.3% (−34.2%) in Nice, Rome, Turin, Valencia and Wuhan, respectively (Table S1a). The lockdown measures had a greater effect at traffic stations: PM~10~ and PM~2.5~ levels decreased by 7.6% and 8.0% in Nice, by −3.0% and −1.5% in Rome, and by 51.3% and 29.3% in Valencia (Table S1b).

By comparing mean concentrations during the 2020 lockdown with mean concentrations during weekdays and weekends of the equivalent time period over 2017--2019, we showed that higher O~3~ concentrations occurred during the lockdown, except in Valencia by combining all stations ([Fig. 4](#f0020){ref-type="fig"} ). At all stations, the relative effect of lockdown relative to weekdays was 29.1% in Nice, i.e. the O~3~ mean concentration during the lockdown was 29.1% higher than on weekdays, 14.6% in Rome, 26.5% in Turin, 4.4% in Valencia and 35.1% in Wuhan (Table S2a). During the lockdown, the O~3~ levels were 9.8% higher than during the weekends in Nice, 7.1% in Rome, 24.8% in Turin, 37.7% in Wuhan, and 4.2% lower in Valencia. However, at traffic stations in Valencia, the O~3~ levels during the lockdown were 14.1% higher than on weekdays and 3.8% higher than on weekends (Table S2b). In all cities, the lowest mean NO~2~ concentrations were observed during the lockdown ([Fig. 4](#f0020){ref-type="fig"}). At all stations, the lockdown NO~2~ levels were 65.7% lower than on weekdays in Nice, 50.3% in Rome, 32.5% in Turin, 71.6% in Valencia and 56.8% in Wuhan. During the lockdown, the NO~2~ concentrations were 54.7% lower than on weekends in Nice, 42.2% in Rome, 20.6% in Turin, 62.9% in Valencia and 57.0% in Wuhan (Table S2a). At traffic stations, the NO~2~ levels during the lockdown were 70.9% lower than on weekdays in Nice, 57.5% in Rome and 72.8% in Valencia and 61.9% lower than on weekends in Nice, 51.3% in Rome and 64.6% in Valencia. Similar observations were found for NO (Table S2). The highest levels of PM~10~ were observed during the weekdays in Nice, Rome, Turin, and Valencia and during the weekends in Wuhan ([Fig. 4](#f0020){ref-type="fig"}). For PM~10~, the differences in daily concentrations between weekends and lockdown were \<1 μg.m^−3^ in Nice, Rome and Turin (Table S2a). At all stations, the lockdown-weekday PM~10~ difference was - 7.3% in Nice, −0.4% in Rome, −13.0% in Turin, −41.1% in Valencia and −47.5% in Wuhan. The lockdown-weekend PM~10~ difference was of - 3.6% in Nice, +3.7% in Rome, −0.4% in Turin, −35.6% in Valencia and −49.5% in Wuhan. At traffic stations, the PM~10~ levels during the lockdown were 7.2% lower than on weekdays in Nice, 4.3% in Rome and 53.3% in Valencia, and 6.9% lower than on weekends in Nice, 0.7% in Rome and 49.5% in Valencia (Table S2b). Similar observations were found for PM~2.5~ (Table S2). Despite the overall consistency in the observed changes in all cities for the different air pollutants, at city level, some differences were statistically significant and others not due to the variability between stations, with the differences being more pronounced at traffic stations ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Mean concentrations (±standard error, in μg.m^−3^) by joining all stations at city-scale of 24-hour mean concentrations (PM~2.5~, PM~10~, NO, NO~2~ and O~3~) in Nice, Rome, Turin, Valencia and Wuhan between the lockdown period in 2020 and the weekday and weekend of the equivalent time period averaged over the 3 previous years (2017--2019). Different letters represent significant differences between groups per city (Kruskal-Wallis test, *p*-value \<0.05 significant).Fig. 4

4. Discussion {#s0030}
=============

Urban air pollution levels are mainly influenced by local emissions and chemical mechanisms ([@bb0140]; [@bb0105]; [@bb0215]). For instance, the local photochemical formation accounted for 75% of the daytime O~3~ in Wuhan in summer 2016 ([@bb0390]). In this study, we considered that 3-year baseline conditions were long enough to reduce inter-annual variability in air pollution levels, here more influenced by local short-term emissions reduction rather than meteorological variations. By investigating the lockdown effects on air quality in cities, we have a better understanding of contributions from sectoral emissions to air pollution, in particular the O~3~ production, in order to formulate effective emission control policies. Among the dominant sectors contributing to air pollution in urban areas, the sectors "transport", "industrial processes" and "commercial, institutional and households" were strongly impacted by the lockdown measures in China, France, Italy and Spain.

In Europe, the "transport" sector is the largest contributor to NO~x~ emissions (road transport: 39%, non-road transport: 8%) and represents 13% of PM~2.5~ and PM~10~ emissions ([@bb0075]). The fuel and biomass combustion in the "commercial, institutional and households" (domestic heating) sector is the largest contributor to PM~2.5~ and PM~10~ emissions (56% and 39%, respectively) and represents 14% of NO~x~ emissions, while 46% of non-methane VOCs and 8% of NO~x~ are emitted by "industrial processes" sector. In Wuhan, the main source of air pollution recently shifted from coal combustion to a mixture of coal combustion and road traffic emissions ([@bb0350]) where the combustion of fossil fuel and road traffic are the largest contributors to PM~2.5~ and NO~2~ emissions, respectively ([@bb0350]).

The lockdown measures led to a decrease of NO (\~63%) and NO~2~ (\~53%) concentrations in Nice, Rome, Valencia and Wuhan, while NO and NO~2~ declined by 53% and 30% in the highly industrialized city of Turin. The lower reduction in Turin can be explained by a higher contribution of the "industrial" sector, where essential industrial activities (e.g. food, pharmaceutical) continued during the lockdown. Stronger reductions were observed at traffic stations for NO (\~78%) and NO~2~ (\~65%), where the "road transport" sector is the largest contributor to NO~x~ emissions. The magnitude of changes in NO~2~ levels was similar between European cities (\~52%) and Wuhan in China (57%), where automobile exhausts are the major source of NO~x~ ([@bb0350]). As road and non-road transport were drastically reduced, the lockdown effect on NO~x~ reduction was much higher than the weekend effect, with NO~x~ concentrations during the lockdown on average 49% lower than on weekends at all stations, and 60% lower at traffic stations.

In Southern Europe, the lockdown measures did not significantly impact the PM~2.5~ and PM~10~ levels at all stations. Indeed, PM~2.5~ and PM~10~ concentrations decreased in Nice (3% and 6%) and Turin (13% and 9%) and increased in Rome (11% and 2%). Stronger reductions were observed in Valencia (13% and 32%). At traffic stations, the lockdown measures strongly decreased both PM~2.5~ and PM~10~ levels in Nice (8%), Rome (1--3%) and Valencia (29--51%). The observed decreases were due to the reduction of road and non-road transport, representing up to 15% of wintertime PM levels ([@bb0130]), and the reduction of fuel combustion in closed institutional and commercial buildings. However, this decrease was counter-balanced by a PM increase from domestic heating ("requiring people to stay at home") and garden activities (e.g. biomass burning). In Nice, and surrounding cities, the local authorities issued a regulation to drastically reduce the green waste burning. By comparing both the lockdown and weekend effects on PM levels at all stations, we showed that the lockdown had the same effect as weekends in Nice, Rome and Turin (\~6% of difference). Such slight difference suggests that road traffic was not a large contributor to PM emissions but derived more from residential and tertiary sector in these cities. The citizens behave similarly during lockdown and weekends. The strong reductions in particles at traffic stations observed in Valencia during the lockdown resulted from a combination of factors: i) a higher baseline due to landscaping works in one of the traffic stations in previous years and ii) several rainy days (wash-out effect) during the lockdown period. A higher contribution of "transport" (road transport: 18%; non-road transport: 21%) to PM emissions, as reported in Barcelona ([@bb0130]), could also partly explain the largest reduction observed in Valencia. In Wuhan, the PM~2.5~ and PM~10~ decreases by 36% and 49% were higher than those observed in Southern Europe (\~4% and \~ 11%, respectively). In Wuhan, the emissions from household heating and cooking activities (ab. 32%), coal consumption and heavy industries harboring iron and steel smelts (accounted for 34% of secondary PM and 57% of primary dust) were the largest contributors to PM~2.5~ and PM~10~ emissions compared with ab. 5% from the "transport" sector ([@bb0245]; [@bb0350]). The lockdown had a higher effect than the weekends on PM reduction in Wuhan (\~44% less), thus, the strong reduction can be attributed to the reduction of coal combustion in the tertiary sector and cessation of industrial activities.

During the lockdown 2020, the surface O~3~ levels increased by 24--27% in Nice and Turin, by 14% in Rome and by 36% in Wuhan. The slight increase of O~3~ levels in Valencia (2.4%) was mainly due to rainy and cloudy conditions ([@bb0010]). In a recent paper, [@bb0335] reported an increase in O~3~ of 29% at urban stations of Barcelona between February 16th to March 13th and March 14th to 30th, 2020. At city-scale, the O~3~ formation depends on the VOC-NOx ratio ([@bb0240]). The urban areas are characterized by a low ratio due to high NO~x~ concentrations ([@bb0030]). The local O~3~ formation is generally limited by VOCs in Wuhan ([@bb0390]) and in Southern Europe ([@bb0020]; [@bb0300]). In this case, i.e. with "VOC-limited" conditions, a reduction in VOCs emission reduces the O~3~ formation, but a reduction in NO~x~ emission increases the O~3~ formation. To effectively control O~3~ pollution in Wuhan, the reduction ratio of VOCs to NO~x~ concentrations should not be lower than 0.73 ([@bb0390]). The implementation of stringent lockdown measures produced more reduced NO~x~ emissions than VOCs emissions in the investigated cities, leading to higher VOC-NO~x~ ratio, which enhanced the O~3~ production. During the lockdown, an increase in O~3~ precursors emissions such as carbon monoxide (CO) and VOCs from home (e.g. cleaning, fireplaces) and garden activities (e.g. barbeques, biomass burning) may also have contributed to the O~3~ increase ([@bb0045]; [@bb0330]; [@bb0220]; [@bb0360]).

In cities, the freshly emitted NO, in particular from road traffic, depletes O~3~ locally ([@bb0310]; [@bb0210]). The O~3~ titration occurs particularly in winter (less photolysis reactions of NO~2~) under high NO~x~ levels ([@bb0305]). Following the lockdown measures, the clear upward trend observed at all stations, resulted primarily from a lower titration of O~3~ by NO due to the reduction in local NO~x~ emissions by road transport (e.g. [@bb0105]; [@bb0280]). In different European cities, the relative contribution of road traffic emissions to O~3~ levels was 12--35% and 20--24% in three Mediterranean cities: Lisbon, Barcelona and Athens ([@bb0345]; [@bb0130]; [@bb0195]). In Wuhan, the vehicle exhausts made the largest contribution to O~3~ production, with 30% during non-high O~3~ days ([@bb0390]). These findings are in agreement with the rate of O~3~ increase observed due to the lockdown measures.

Furthermore, a reduction in PM~2.5~ and PM~10~ could also lead to an increase in surface O~3~ concentrations ([@bb0165]; [@bb0160]). As PM emissions were lower during the lockdown, the higher solar radiation favored O~3~ formation ([@bb0100]; [@bb0220]; [@bb0360]). In addition to photochemical reactions, the heterogeneous chemical processes occurring on the surface of PM~2.5~ and aerosols in the atmosphere are also an important way for the interaction between O~3~ and PM~2.5~ ([@bb0185]; [@bb0120]; [@bb0060]; [@bb0155]). In Nanjing, high concentrations of PM~2.5~ (rising from 100 to 250 μg.m^−3^) resulted in a reduction of 130 W.m^−2^ of the irradiance and a 12% reduction of near-surface O~3~ ([@bb0160]).

In urban stations in France, Italy and Spain, the mean O~3~ concentration on the weekend was 12% higher than on weekdays over the time period 2005--2014 ([@bb0300]). The O~3~ weekend effect is more pronounced in winter ([@bb0300]). In this study, we showed that the mean O~3~ concentrations during the lockdown were on average 10% and 38% higher than on weekend in Southern Europe and Wuhan, respectively. Generally, the lockdown effect on O~3~ production was higher than O~3~ weekend effect, mainly due to the longer period of NO~x~ reduction. Furthermore, the average lifetime of O~3~ in the troposphere is estimated at 20--24 days ([@bb0325]).

5. Conclusions {#s0035}
==============

Following the implementation of stringent lockdown measures in the framework of the COVID-19 pandemic, the reduction in road and non-road transport, non-essential businesses and industrial activities led to significant declines in NO~x~ and PM concentrations, especially in Wuhan. The lockdown measures led to a reduction of NO~x~ concentrations of \~56% due to the large reduction of the "transport" sector (e.g. 70% in France). During the lockdown, the PM levels slightly changed (\<10% of change). Indeed, the restrictive measures reduced emissions of PM~2.5~ and PM~10~ by road and non-road transport and by fuel combustion in institutional and commercial buildings, but these decreases were counter-balanced by an increase of PM emissions from the activities at home (e.g. domestic heating, biomass burning). Due to stringent lockdown measures, generally the near-surface O~3~ increased by \~17% in Southern European cities and by 36% in Wuhan, i.e. similarly to the relative contribution of road traffic emissions to O~3~ levels. The O~3~ increase is due to a lower titration of O~3~ by NO due to the strong reduction in local NO~x~ emissions by road transport. Overall, the largest effect of the lockdown measures on concentrations of NO~x~, PM and O~3~ came from the large reduction in road transport, as observed at traffic stations. The NO~x~ reduction during the lockdown was higher than the VOCs reduction. Similarly to the O~3~ weekend effect, the main causes of the higher O~3~ concentrations in cities during the lockdown, under VOC-limited conditions, are: i) a reduction in NO~x~ emissions from road traffic leading to a lower O~3~ titration by NO (dominant cause); ii) as PM emissions were lower, the higher solar radiation favored O~3~ formation; and iii) an increase of O~3~ precursors emissions from home and garden activities.

In Southern Europe and Wuhan, NO~x~ concentrations during the lockdown were on average 49% lower than on weekends. The lockdown effect on O~3~ production was 10% higher than the O~3~ weekend effect in Southern Europe and 38% higher in Wuhan. The lockdown did not lead to lower PM pollution than a « routine » weekend effect in Southern Europe (\~6% of change). The unprecedented reduction in mobility and economic activity caused by the COVID-19 lockdown represents an exceptional opportunity for studying the contribution of different sources of primary pollutant and for understanding the changes in the atmospheric chemistry under conditions of reduced primary pollutant emissions in the cities. For secondary pollutants like O~3~, the lockdown has also shown that its reduction will remain challenging even with effective policies for reducing primary pollutants.
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